Quantitative microscope techniques were utilized to examine the adsorption of rhizobial cells to clover root hairs. Adsorption of cells of noninfective strains of Rhizobium trifolii or infective R. meliloti strains to clover root hairs was four to five times less than that of the infective R. trifolii strains. Attachment of the rod-shaped bacteria to clover root cells occurred in a polar, end-on fashion. Viable or heat-killed R. trifolii cells precoated with a clover lectin having 2-deoxyglucose specificity had increased adsorption to clover roots. Adsorption of bacteria to roots was not increased if the clover lectin was inactivated by heat or 2-deoxyglucose treatment prior to incubation with R. trifolii. Adsorption of R. trifolii to clover root hairs was inhibited by 2-deoxyglucose (30 mM) but not by 2-deoxygalactose or a-D-glucose. Adsorption ofR. meliloti cells to alfalfa root hairs was not affected by 2-deoxyglucose at that concentration. These results suggest that expression of host specificity in the Rhizobium-clover symbiosis involves a preferential adsorption of infective cells to clover root hairs through a 2-deoxyglucose-sensitive receptor site.
Recently, it has been established that there are cell surface polysaccharides unique to Rhizobium trifolii that are cross-reactive with antigens on the outer surface of clover roots (5) . Analytical studies of the purified polysaccharide cross-reactive antigen from R. trifolii strain 403 (infective on clover) indicated that it is a high-molecular-weight (>4.6 x 106), amorphous, 8-linked, acidic heteropolysaccharide containing 2-deoxyglucose, galactose, glucose, and glucuronic acid. A multivalent lectin with 2-deoxyglucose sugar specificity capable of binding to this unique antigen was extracted from Trifolium repens (white clover) seeds. This lectin agglutinated cells of numerous infective R. trifolii strains (including infective revertants) but not several noninfective R. trifolii strains or strains ofR. japonicum, R. meliloti, R. leguminosarum, R. phaseoli, and several R. species (cowpea miscellany). Based on these data, a model was proposed to explain host specificity in the R. trifolii-Trifolium symbiosis based on a preferential adsorption of infective bacterial cells on the surface of clover roots by a cross-bridging of their common surface antigens with the multivalent clover lectin. This model differs from other hypotheses ' (1, 7) concerning the possible role of lectins in the specific adsorption of rhizobia in that it places equal emphasis on the lectin and the unique, complementary surface polysaccharides of the infective bacteria and the appropriate legume root cells.
The purpose of this study was to investigate the adsorption ofRhizobium to roots as a possible expression of host specificity in the establishment of the Rhizobium-clover symbiosis.
MATERIALS AND METHODS Rhizobium cultures. The formation of infection threads in root hairs of the appropriate legume host was used to verify the infectiveness ofR. trifolii and R. meliloti strains. The slide culture method of Fahraeus (6) was used for this determination. The R. trifolii strains were obtained from sources previously described (5). R. meliloti strains F28 and F51 were obtained from J. C. Burton, The Nitragin Co., Milwaukee, Wis. R. meliloti strain 142 and R. japonicum strain 61A76 were obtained from W. J. Brill, University of Wisconsin, Madison, Wis. Unless otherwise indicated, all strains of Rhizobium were cultured on a chemically defined medium (4) . The effect of 2-deoxyglucose on the growth rate ofR. trifolii strain 403 was determined during exponential growth in 500-ml side-arm flasks containing 50 ml of this medium (4) . The flasks were shaken at 220 rpm and 30°C, and growth was monitored by a KlettSummerson colorimeter (640 nm). Filter-sterilized 2-deoxyglucose was added to two of the four flasks at mid-exponential phase (30 mM final concentration), and then cell growth was monitored for 6 h. Floccu-lation of R. trifolii strain 403 cells (13) Inoculation of T. repens seedlings with R. trifolii cells coated with clover lectin. A saline suspension of infective R. trifolii strain 403 containing 3.1 x 109 cells per ml was divided into two aliquots of 5 ml each. One aliquot received 20 ml of sterile saline, and the other received 20 ml of clover seed extract (5) containing the clover lectin (an end point agglutinating titer of 16) previously filtered through a 0.20-,um sterile membrane filter (TCM-20, Gelman Company, Ann Arbor, Mich.). The cells were incubated at 30°C for 30 min, washed three times with sterile saline, resuspended in saline, and used to inoculate 2-day-old white clover seedling roots in slide assemblies. Seedling roots were inoculated with approximately 2 x 107 cells (0.25 ml) of either lectin-coated or uncoated R. trifolii cells. Lectin was detected on the surface of the coated cells directly by cell agglutination after continued incubation and indirectly by rabbit anti-lectin extract antiserum using indirect immunofluorescence (5). Sterile saline (0.25 ml) was added to uninoculated plants as a control. Washed slide assemblies were examined for bacterial root adsorption after 12 h (10 h of darkness followed by 2 h of light).
Inhibition of bacterial adsorption to clover roots by 2-deoxyglucose. Fahraeus slide assemblies of R. trifolii strain 403 and white clover were prepared in the presence of 30 mM 2-deoxyglucose, 2-deoxygalactose, or a-D-glucose and then assayed for quantitative adsorption of the bacteria to root hairs. The adsorption of R. meliloti strain F28 to alfalfa root hairs in the presence or absence of 2-deoxyglucose (30 mM) was also examined. This concentration of 2-deoxyglucose inhibited the agglutination ofR. trifolii cells by either the clover lectin or the crossreactive anti-white clover root antibody (5) .
RESULTS AND DISCUSSION Adsorption of rhizobia to roots. The model utilized to explain host specificity in the R.
trifolii-Trifolium symbiosis (5) Polar attachment. Adsorption of the rodshaped bacteria occurred mostly through perpendicular attachment of one of their poles to the root hair surface (Fig. 1) . The bacteria also attached to other clover root epidermal cells in a polar fashion (Fig. 2) . Polar attachment could be observed for at least 20 days. When viewed along the optical median plane of the epidermal root cells, the bacteria were attached perpendicular to their longitudinal axis and appeared rod shaped. When focused on top of the root cells, the bacteria appeared as spheres, since they were viewed parallel to their longitudinal axis. Polar orientation has been reported as the position of attachment of single cells ofR. trifolii (11, 12, 13, 17) , R. meliloti (3), R.japonicum [14] ) to their appropriate legume host root surfaces.
The molecular basis for the preferred polar attachment of Rhizobium cells to their appropriate legume host roots is unknown. This polar orientation has been observed also with bacteria attached to epithelial surfaces in the gastrointestinal tracts of mice (18) and Flexibacter and Hyphomicrobium cells at solid-water and oil-water interfaces (10) . Alignment of cells of Hyphomicrobium and Flexibacter perpendicular to oil-water and air-water interfaces suggested to Marshall and Cruickshank (10) that attachment at one pole represented a rejection of a hydrophobic portion of the cells from the aqueous environment. Rosettes in aqueous suspensions were interpreted by them as micelles with the hydrophobic ends of the cells attracted to each other. Polar orientation could not be explained by localization of surface ionogenic groups (10), and both infective and noninfective R. trifolii strains had equal electrophoretic mobilities (9) . Recent studies have indicated that certain R. japonicum strains bind soybean lectin mostly at one of their cell poles (2). Savage (personal communication) has suggested that end-on attachment would result in more microbial colonization per unit of surface area and more microbial surface exposed to the environment for the organism to extract nutrients.
Studies with lectin-coated cells. The effect of coating infective R. trifolii cells with the clover lectin on their ability to adsorb to white clover roots was examined. Cells precoated with clover lectin greatly increased their ability to firmly adsorb to the white clover root surface within 12 h. Photomicrographs of washed, sterile seedling roots (control) and washed roots incubated with viable R. trifolii strain 403 cells with and without clover lectin coating are shown in Fig. 3a, b, and c, prior incubation with the clover lectin preparation, the observed effect was not an artifact due to stimulated growth of the bacterial cells.
The massive bacterial adsorption observed with clover lectin-coated R. trifolii cells to clover roots was specific for the R. trifolii-clover system, since it was not observed under conditions where R. trifolii strain 403 or R. japonicum strain 61A76 cells were treated with the clover lectin extract and then inoculated on alfalfa or white clover seedling roots, respectively. Additionally, the massive adsorption was not observed if the clover lectin was inactivated by heat (80'C for 10 min) or 2-deoxyglucose (30 mM). Furthermore, pretreatment ofR. meliloti strains F51, F28, or 142 with an alfalfa seed extract prepared in an identical fashion (5) did not Table 2 ). The generation time of R. trifolii strain 403 during exponential growth did not change in the presence of 30 mM 2-deoxyglucose (4.5 h), and therefore neither stimulation nor inhibition of cell division was observed. Unlike the R. trifolii-clover system, the quantitative adsorption of R. meliloti cells to alfalfa root hairs was not affected by 2-deoxyglucose (Table 2) . Therefore, 2-deoxyglucose specifically inhibits the adsorption ofR. trifolii cells to clover root hairs. Subsequent events, e.g., infection thread and nodule formation, might be nonspecifically inhibited by 2- deoxyglucose, since this sugar can interfere with the metabolism of Saccharomyces cerevisiae (8) .
The data presented here suggest that expression of host specificity in the Rhizobium-clover symbiosis involves a preferential adsorption of infective cells to clover roots through a 2-deoxyglucose-sensitive receptor site. This receptor site is unique to the R. trifolii-clover system. Currently, we are trying to determine if the specific 2-deoxyglucose-sensitive lectin is on the clover root hair surface at sites where it could cross-bridge the unique cross-reactive surface antigens of both symbionts.
